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MicroRNA-150-5p (miR-150-5p) plays a complex role in nor-
mal early hematopoietic development and is also implicated
in the development of various different leukemias. We have
reported previously that, in myeloid and lymphoid malignancies
associated with dysregulated fibroblast growth factor receptor 1
(FGFR1) activities, miR-150-5p is down-regulated compared
with healthy cells. Here, using murine cells, we found that this
down-regulation is accompanied by CpG methylation of the
miR-150-5p promoter region. Of note, analysis of human acute
lymphoblastic leukemia (ALL) cohorts also revealed an inverse
relationship between miR-150-5p expression and disease pro-
gression. We also found that the DNA methyltransferase 1
(DNMT1) enzyme is highly up-regulated in FGFR1-driven leu-
kemias and lymphomas and that FGFR1 inhibition reduces
DNMT1 expression. DNMT1 knockdown in stem cell leu-
kemia/lymphoma (SCLL) cells increased miR-150-5p levels and
reduced levels of the MYB proto-oncogene transcription factor,
a key regulator of leukemogenesis. FGFR1 directly activates the
MYC proto-oncogene basic helix-loop-helix transcription fac-
tor, which, as we show here, binds and activates the DNMT1
promoter. MYC knockdown decreased DNMT1 expression,
which, in turn, increased miR-150-5p expression. One of the
known targets of miR-150-5p is MYB, and treatment of leuke-
mic cells with the MYB inhibitor mebendazole dose-dependently
increased apoptosis and reduced cell viability. Moreover,
mebendazole treatment of murine xenografts models of FGFR1-
driven leukemias enhanced survival. These findings provide evi-
dence that MYC activates MYB by up-regulating DNMT1, which
silences miR-150-5p and promotes SCLL progression. We propose
that inclusion of mebendazole in a combination therapy with
FGFR1 inhibitors may be a valuable option to manage SCLL.

Malignant neoplasms associated with rearrangements of
FGFR1,2 also referred to as stem cell leukemia/lymphoma

(SCLL) syndrome, present as a myeloproliferative disorder that
progresses to AML, and these patients may also develop B or T
cell lymphomas (1). In this disease, FGFR1 is constitutively acti-
vated as a result of chromosome translocations that juxtapose a
dimerization motif N-terminal to the FGFR1 kinase domain
(2), leading to constitutive and ligand-independent activation.
Inactivation of the kinase domain abrogates the oncogenic
potential of these chimeric oncogenes (3), and pharmacological
suppression of FGFR1 activity also suppresses progression of
the disease (4 –5). FGFR1 activation leads to profound changes
in gene expression profiles, with activation of genes that pro-
mote survival, proliferation, and the stem cell phenotype and
suppression of genes that lead to differentiated phenotypes
(6 –7). In addition to gene expression changes, the microRNA
profile of these cells is also altered as a result of FGFR1 activa-
tion (8), which has downstream effects on gene expression and
protein production. We recently described up-regulation of
several miRNAs that promote SCLL progression, with mem-
bers of the miR17/92 cluster promoting cell survival and prolif-
eration (8). In addition, miR339 has been shown to regulate the
BCL2L11 and BAX apoptosis-related genes, influencing cell
survival (9). FGFR1 has been shown to promote expression of
these miRNAs, but, in this screen for FGFR1-regulated miR-
NAs, we also identified a series that was down-regulated in
SCLL cells, including miR-150-5p (8).

miR-150-5p appears to be differentially expressed during
normal hematopoiesis and is frequently deregulated in various
types of hematological malignancies (10). Down-regulation of
miR-150-5p has also been reported in chronic myeloid leuke-
mia (CML), acute myeloid leukemia (AML), and lymphoma
(10), and up-regulation has been reported in myelodysplastic
syndrome and chronic lymphocytic leukemia (10). miR-150-5p
is thought to control development of the myeloid lineage by
fine-tuning the transcription factor Myb and its downstream
products (11), promoting differentiation of hematopoietic stem
cells (HSCs). Here we demonstrate that miR-150-5p expression
is silenced by promoter methylation by Dnmt1, which is highly
up-regulated in SCLL cells as a result of FGFR1-driven up-reg-
ulation of Myc. Constitutive FGFR1 expression in SCLL, there-
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fore, appears to drive up-regulation of Myb through a cascade
of intermediate steps, and pharmacological inhibition of Myb
in these cells suppresses cell growth in vitro and leukemia pro-
gression in vivo.

Results

miR-150-5p is down-regulated by FGFR1

As part of our analysis of miRNAs regulated by FGFR1 in
cells derived from BCR-FGFR1 transformed mouse hemato-
poietic stem cells (BBC2), we identified an association between
the presence of activated FGFR1 kinase and down-regulation of
miR-150-5p (8). To expand this analysis, we compared other
SCLL cell lines with their normal cell counterparts isolated
from the spleens of normal mice. BBC2 cells are arrested in a
pre/pro-B cell stage (14) and were compared with B220�/
IgM� cells isolated from normal spleen. ZNF112 cells, derived
from stem cells transformed with ZMYM2-FGFR1 (15), exhibit
a CD4�/CD8� immunophenotype and were compared with
double-positive T cells from normal spleen. BCRF8C was
derived from NSG hematopoietic stem cells and shows a Sca1�
immunophenotype (7). Normal Sca1� cells were isolated from
normal mouse bone marrow. KG1 cells (16) were derived from
a human AML patient and express the FGFR1OP2-FGFR1 chi-
meric kinase. As controls for this human cell line, we used
human-derived mononuclear cells. As shown in Fig. 1A, the
expression levels of miR-150-5p in these four cells lines was
reduced significantly (�95%) compared with their normal cell
counterparts. When the same cell lines were treated with the
BGJ389 FGFR1 inhibitor (17), miR-150-5p expression levels
were highly up-regulated in all cases (Fig. 1B). The miRNA lev-
els in primary SCLL cells developed in syngeneic hosts using the
transduction and transplantation approach described previ-
ously (15) also showed that miR-150-5p levels were signifi-

cantly reduced in spleen-derived cells from diseased mice (n �
3) from both BCR-FGFR1 and ZMYM2-FGFR1 (Fig. 1C) trans-
formed stem cells compared with normal spleen cells (n � 3). It
appears, therefore, that the high-level expression of FGFR1 in
SCLL cells correlates with low-level expression of miR-150-5p
both in vitro and in vivo and that pharmacological suppression
of FGFR1 function leads directly to increased miR-150-5p
expression levels. In contrast, a housekeeping miRNA, Let-7a,
shows no difference in levels in these comparisons (Fig. S1),
supporting the specificity of the observations for miR-150-5p.

miR-150-5p overexpression induces apoptosis

To investigate the effect of miR-150-5p on cell viability, we
overexpressed miR-150-5p in mouse BBC2 and human KG1
cells (Fig. 1D). When miR-150-5p expression levels were ana-
lyzed in BBC2 cells, there was a �600-fold increase compared
with parental cells transduced with the empty vector, which led
to reduced (�35%) viability (Fig. 1, D and E), a reduced percent-
age of cells in G2/M, and an increase in Annexin V–positive
cells in overexpressing cells (Fig. S2). The same effects were
seen in KG1 cells overexpressing miR-150-5p (Fig. 1E and Fig.
S2). Thus, it appears that increased apoptosis is one of the con-
sequences of high-level miR-150-5p expression.

miR-150-5p expression is associated with down-regulation of
Myb

The Myb gene is one of the known targets of miR-150-5p in
both humans and mice (11, 18). As shown in Fig. 2A and Fig. S3,
there are highly conserved target sites in the murine Myb 3�
UTR with homology to miR-150-5p. Overexpression of miR-
150-5p in BBC2 cells shows a significant down-regulation of
Myb (Fig. 2B), supporting the idea that miR-150-5p may affect
SCLL progression through regulation of Myb expression. Anal-

Figure 1. miR-150-5p is down-regulated in SCLL. A, relative expression levels (on a log scale) in BBC2 cells relative to normal pre/pro-B cells, ZNF112 relative
to normal CD4�CD8� cells, BCRF8C relative to normal Sca1� cells, and KG1 cells relative to peripheral blood mononuclear cells all show highly significant
down-regulation of miR-150-5p in SCLL cell lines. B, when the same cell lines are treated with the BGJ398 FGFR1 inhibitor, miR-150-5p levels are increased
compared with DMSO-treated controls in all cases. C, analysis of miR-150-5p levels in spleen cells from mice transplanted with either BCR-FGFR1– or ZMYM2-
FGFR1–transformed hematopoietic cells show significant down-regulation of miR-150-5p (on a log scale). Nor., normal control. D, when miR-150-5p is over-
expressed in BBC2 cells, there is a significant reduction in cell viability. D and E, overexpression of miR-150-5p in human KG1 cells (E) shows a similar reduction
in cell viability (D). ***, p � 0.001; ****, p � 0.0001. EV, empty vector.
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ysis of spleen cells from syngeneic mice transplanted with BCR-
FGFR1–transduced hematopoietic stem cells (Fig. 2C) con-
firms up-regulation of Myb in in vivo models. Similarly, there
are conserved target sites in the human MYB gene (Fig. 2D),
and overexpression of miR-150-5p in human KG1 SCLL cells
(Fig. 2E) shows significantly reduced MYB levels. In human cell
SCLL models in NSG mice transplanted with BCR-FGFR1–
transduced human CD34� cells, MYB is also up-regulated (Fig.
2F). Thus, it appears that expression of the FGFR1 chimeric
kinases leads to Myb activation in SCLL cells by down-regulat-
ing miR-150-5p in vivo as well as in vitro.

miR-150-5p is suppressed in SCLL cells through promoter
methylation

To investigate the mechanism underlying the down-regula-
tion of miR-150-5p in SCLL cells, we analyzed the promoter
region in BBC2 and KG1 cells (Fig. 3A). There are fewer CpG
dinucleotides in the murine promoter region compared with
the human promoter. We designed primers to investigate the
methylation status of promoter regions with the highest density
of CpGs, as shown in Fig. 3A, and compared mouse normal
CD19�IgM� flow-sorted cells from the spleen with BBC2
cells. Human peripheral mononuclear cells were used as the
normal counterpart for human KG1 AML cells. Following
bisulfite conversion of DNA from both cell lines and controls,
the miR-150-5p promoter regions were PCR-amplified and
cloned into the pGEM-T Easy vector. Sanger sequencing of
randomly selected individual clones identified methylated CpG
sites. As seen in Fig. 3B, there was limited methylation in either

promoter region from the normal cells. In contrast, extensive
methylation was seen throughout the promoter region in both
cell lines, suggesting a mechanism for miR-150-5p silencing.
When BBC2 and KG1 cells were treated with the 5�-azacytidine
methylation inhibitor, compared with DMSO-treated cells,
there is a dose-dependent increase in miR-150-5p expression
levels in both cell lines, demonstrating the functional relation-
ship between methylation in the miR-150-5p promoter and its
expression levels (Fig. 3C). To investigate the relationship
between methylation in the miR-150-5p promoter and clinical
parameters in leukemic samples, we retrospectively analyzed
the GSE 38235 dataset from the GEO (19), which compared the
methylome and transcriptome between matched pre-B-ALL
tumor samples containing high levels of leukemic blasts and
blast-free remission samples from 46 patients. The methylation
data for the miR-150-5p promoter showed a highly significant
reduction in methylation levels in the remission samples com-
pared with their tumor counterparts (Fig. 3D), supporting the
correlation between inactivation of miR-150-5p and increased
aggressiveness of this leukemia.

miR-150-5p promoter methylation is facilitated by Dnmt1

Because methylation status is determined by the action of
proteins such as those in the DNMT and ten-eleven transloca-
tion families, we analyzed RNA-Seq data generated from the
SCLL cell lines BBC2, ZNF112, BCRF8C, and KG1. In each
case, there was consistent high-level expression of Dnmt1.
When the data for these four cell lines were combined (Fig. 4A),
the selective up-regulation of Dnmt1 was confirmed. In a com-

Figure 2. Myb is down-regulated in SCLL cells. A, location of the two miR-150-5p target sites in the 3� UTR of murine Myb. B, when miR-150-5p is overex-
pressed (OE) in BBC2 cells (top panel), there is a significant reduction in Myb protein levels compared with empty vector (EV)–transformed cells (bottom panel,
showing quantified levels in arbitrary units (AU)). C, analysis of spleen cells from BALB/c mice transplanted with mouse hematopoietic stem cells (n � 3)
transduced with BCR-FGFR1 shows increased levels of Myb expression compared with normal BALB/c spleen cells. D, location of the 3 miR-150-5p target sites
in the 3 UTR of human MYB. E, human KG1 SCLL cells also show reduced levels of MYB when miR-150-5p is overexpressed. F, human CD34� cord blood cells
transformed with BCR-FGFR1 and transplanted into immunocompromised NSG mice show the same increased MYB expression levels in isolated spleen cells
compared with spleen cells from normal NSG mice. *, p � 0.01; **, p � 0.001; ***, p � 0.0001. Ctrl, control; WB, western blot.
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parison of BBC2 with normal CD19�IgM� pre/pro-B cells,
KG1 with PBMCs, CEP2A and ZNF112 cells with normal
CD4�CD8� cells, increased Dnmt1 levels were seen in all
cases of SCLL (Fig. 4B). Similarly, analysis of splenic cells
derived from mouse stem cells transformed with BCR-FGFR1
showed increased levels of Dnmt1 compared with normal
spleen cells (Fig. 4C). Consistently, analysis of leukemic cells
derived from BCR-FGFR1–transformed human CD34� cord
blood cells transplanted into immunocompromised mice
(NSG) also showed increased Dnmt1 protein levels. Analysis of
expression and protein levels in four different SCLL cell lines
after treatment with the BGJ398, FGFR1 inhibitor showed a
significant reduction in Dnmt1 expression levels (Fig. 4D).
Down-regulation of Dnmt1 using shRNA (Fig. 4E) showed a
proportional increase in miR-150-5p expression levels and
increased Myb levels. These data suggest that methylation of
the miR-150-5p promoter and, hence, silencing of its expres-

sion are mediated by Dnmt1, which is a consequence of FGFR1
activation.

Myc regulates Dnmt1 expression

It has been shown that MYC is one of the transcription fac-
tors that regulates DNMT1 expression (20), and we have shown
previously that FGFR1 up-regulates Myc in SCLL cells (13). In a
ChIP-qPCR analysis of the Dnmt1 promoter regions in mouse
BBC2 and ZNF112 cells as well as human KG1 cells, a signifi-
cantly increased level of occupancy was seen in reported Myc-
binding regions (20) (Fig. 5A and Fig. S4). Knockdown of Myc in
BBC2 cells (Fig. 5B) using shRNAs showed a concomitant
reduction in Dnmt1 expression levels. Analysis of miR-150-5p
expression in these cells showed a consequential proportional
increase in expression levels, supporting the suggestion that
Myc, which is up-regulated by FGFR1, in turn leads to activa-
tion of Dnmt1 and epigenetic silencing of miR-150-5p. Down-

Figure 3. The miR-150-5p promoter is highly methylated in SCLL cells. A, distribution of CpG dinucleotides (lollipops) within the murine (left panel) and
human (right panel) miR150 promoters shows higher CpG numbers in human cells. The miR-150-5p gene in each case is indicated by the black bars, and the
position of the primer pairs used to amplify the promoters is indicated by the opposing arrows. B, DNA sequence analysis of the miRNA promoter in individual
clones from bisulfite-treated DNA from BBC2 cells (left panel) or KG1 cells (right panel) shows extensive methylation at CpG dinucleotides (closed circles)
throughout the region compared with normal CD19�IgM� B cells or PBMN cells. C, treatment of SCLL cells with the methylation inhibitor 5�-azacytidine (DAC)
shows a dose-dependent increase in miR-150-5p expression levels. D, analysis of matched bone marrow samples from pre-B-ALL patients with disease or in
remission shows a highly significant reduction in methylation levels in the remission phase.
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regulation of Myc also leads to reduced Myb expression levels,
demonstrating that Myc cooperates with Myb to promote
SCLL syndrome via Dnmt1-mediated epigenetic silencing of
miR-150-5p.

Targeting c-Myb suppresses SCLL development

Myc has been shown to activate Myb by inducing epigenetic
silencing of miR-150-5p, which normally suppresses Myb
expression. It appears, therefore, that Myb up-regulation is
important in SCLL development and that its expression is a
direct consequence of FGFR1 activation. To investigate the role
of Myb in SCLL cell survival, we treated SCLL cells with
mebendazole, which has been shown to lead to Myb degrada-
tion (21). When BBC2, ZNF112, and KG1 cells were treated
with mebendazole (Fig. S5), there was a dose-dependent reduc-
tion in cell viability in all three cell lines, supporting an active
role of Myb in SCLL development. Consistently, when Myb was
inactivated in BBC2 cells using shRNAs (Fig. 6A), there was a

significant reduction in cell viability and proliferation com-
pared with treatment with a scrambled shRNA (Fig. 6B).
Mebendazole inactivation of Myb inactivation in BBC2 and
KG1 cells (Fig. 6C) led to up-regulation of p21, demonstrating
withdrawal from the cell cycle and a reduction in the levels of
survivin, which normally reduces apoptosis. Consistent with
protein expression changes, flow cytometric analysis demon-
strated that mebendazole treatment of SCLL cells reduced pro-
gression through the cell cycle and led to significantly increased
ratios of Annexin V� cells among both BBC2 and KG1 (Fig. 5)
cells compared with vehicle-only-treated cells, demonstrating
increased apoptosis. To evaluate the role of Myb on SCLL pro-
gression in vivo, we treated mice that had been transplanted
with BCR-FGFR1–transformed HSCs with an oral suspension
of mebendazole using 1 mg/mouse/day for 2 weeks (22). These
cells coexpress GFP from the transduction vector (14), and flow
cytometry can monitor the disease load in these animals during
disease development and at autopsy. As shown by the Kaplan-

Figure 4. Dnmt1 expression correlates with miR-150-5p levels in SCLL cells. A, RNA-Seq– derived mRNA levels, expressed as fragments per kilobase of
transcripts per one million mapped reads (FPKM) for members of the Dnmt and Tet families of genes in four SCLL cell lines (BBC2, ZNF112, BCRF8C, and KG1),
show highly elevated levels specifically for Dnmt1. B, analysis of protein levels in BBC2 and KG1 cells (top panel) compared with either normal CD19�IgM� or
peripheral blood mononuclear cells, respectively, shows the same increase in Dnmt1 levels in mouse and human cell lines. Analysis of Dnmt1 levels in mouse
SCLL T-lymphoma cell lines (CEP2A and ZNF112) shows the same increase compared with normal CD4�CD8� cells (bottom panel). C, analysis of spleen cells
from normal mice (BALB/c) and primary transformed hematopoietic stem cells in vivo following transduction with BCR-FGFR1 (top panel) also shows increased
Dnmt1 levels in the transformed cells. Similarly, analysis of spleen cells from primary human CD34� cord blood stem cells transformed with BCR-FGFR1 shows
increased levels of Dnmt1 (bottom panel). D, when four different SCLL cell lines are treated with the BGJ398 FGFR1 inhibitor, there is a significant reduction in
Dnmt1 mRNA levels (top panel). Analysis of Dnmt1 protein levels in BBC2 and KG1 cells following BGJ398 treatment (bottom panel) also shows reduced levels
compared with DMSO treated cells. E, knockdown of Dnmt1 using two different shRNAs (left panel, top) leads to proportional increased expression levels of
miR-150-5p-5p (left panel, bottom). Western blot analysis (right panel) shows that knockdown of Dnmt1 leads to up-regulation of Myb protein levels.
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Meier analysis (Fig. 6D), mice treated with mebendazole
showed a significant improvement in survival compared with
vehicle-treated mice (n � 5). Although there were no effects on
body weight, both spleen weight and white blood cell count in
peripheral blood were reduced in drug-treated animals (Fig.
6E). This suppression of leukemogenesis was evident from
the reduced spleen sizes in treated animals (Fig. 6F) as well as
the presence of reduced GFP-positive cells in spleen samples
(Fig. 6G).

Discussion

Development of the hematopoietic system is regulated by a
dynamic interplay between various transcription factors in
response to environmental cues. One way that rapid responses
in levels of transcription factors can be regulated is through
microRNA-mediated suppression of expression. MicroRNAs
have been extensively implicated in normal and abnormal
development of hematopoiesis, and miR-150-5p has been
shown to be selectively expressed in mature and resting B and T
cells but not in their progenitors. The same is true in the stem
cell leukemias seen in the SCLL syndrome we describe here,
where miR-150-5p is down-regulated in immature T, B, and
myeloid leukemic cells compared with high levels in normal cell
counterparts. The expression levels of miR-150-5p are also
markedly decreased in ALL, AML, and CML compared with
healthy controls (10). Recently, an essential role of miR-150-5p
was identified in the pathogenesis of MLL-rearranged AML.
Repression of miR-150-5p maturation by MLL fusion genes
accelerated leukemogenesis in an MLL/AF9 murine model, and
miR-150-5p expression in this model inhibited leukemia cell
growth by targeting MYB and FLT3 (23).

miR-150-5p is thought to control development of the mye-
loid lineage by fine-tuning the Myb transcription factor and its
downstream products, promoting differentiation of HSCs
toward megakaryocytes rather than erythrocytes. Myb is highly
expressed in lymphocyte progenitors, down-regulated upon

maturation, and again up-regulated after activation of the
mature cells. Myb has also been shown to play a critical role in
normal development of hematopoietic cells through control of
cell cycle progression and differentiation in stem and progeni-
tor cells (10). Loss of Myb expression in mice results in signifi-
cantly abnormal development of the hematopoietic system and
has also been frequently associated with hematopoietic malig-
nancies (24). In FGFR1-driven leukemogenesis, we show that
Myb is highly expressed in cells from this stem cell leukemia
syndrome and that degradation of Myb by either forced expres-
sion of miR-150-5p or treatment with mebendazole leads to
reduced cell proliferation and increased cell apoptosis, suggest-
ing a tumor promotion role of Myb in this context.

The Myc oncogene is frequently overexpressed in leukemias,
as we have shown in various SCLL cell models (13). Inactivation
of Myc using the 10058-F4 inhibitor in these cells results in
suppression of leukemogenesis in vivo and, in this study, we
demonstrate that Myc activation leads to epigenetic silencing of
miR-150-5p as a result of direct regulation of the Dnmt1 pro-
moter. Dnmt1 is responsible for maintenance of methylation in
the genome through cell division, whereas other members of
the family establish methylation marks de novo (25). Similarly,
the ten-eleven translocation family of enzymes is involved in
removing epigenetic marks, and, although they are frequently
mutated in hematopoietic malignancies (26), they do not
appear to be affected by overexpression of FGFR1. Tumor
development is usually the consequence of dysregulation of
multiple oncogenes. Here we demonstrate a paradigm that the
Myc oncogene activates Myb through epigenetic silencing of
miR-150-5p by direct promoter binding and activation of
Dnmt1 to promote leukemogenesis in SCLL.

There are a number of parallels between chimeric FGFR1-
driven leukemias and BCR-ABL1 in CML, which develops as a
chronic myeloproliferative disease, that extend to the studies
presented here. Transformation of CD34� cells by various

Figure 5. Dnmt1 expression is regulated by Myc in SCLL cells. A, organization of the Dnmt1 locus in mice. The positions of the primer pairs within the
promoter (P2) and intron 1 (P1), regions used for ChIP, are indicated by the opposing arrows. Compared with the IgG control, there is significant enrichment of
Myc binding in the Dnmt1 promoter region (P2) in both BBC2 and ZNF112 cells. B, knockdown of Myc using two different shRNAs shows a concomitant
reduction in Dnmt1 expression levels. As a result of Myc knockdown, levels of miR-150-5p show a proportional increase compared with cells expressing a
scrambled control (left panel, bottom). Western blot analysis (right panel) shows the relative knockdown levels of Myc using the two shRNAs and the propor-
tional reduction in Dnmt1 and Myb levels.
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fusion kinases leads to up-regulation of Myc and down-regula-
tion of miR-150-5p, suggesting, in a large correlative study,
transformation of CD34� cells by BCR-ABL1 fusion kinases
leads to up-regulation of MYC and MYB, and down-regulation
and miR-150-5p, suggesting that MYC and miR-150-5p are
associated with MYB expression in CML (27). In that study,
MYC reportedly occupied the �11.7 kb and �0.35 kb regula-
tory regions of the miR-150 promoter, which is in contrast to
our observations in SCLL, where we demonstrate that miR-
150-5p silencing is mediated by methylation of its promoter by
Dnmt1 as a result of Myc activation. This conclusion regarding
our mouse SCLL models is supported following our analysis of
a human pre-B-ALL patient cohort, comparing samples with
disease and in remission, revealing that differential methyla-
tion of the miR-150-5p promoter is associated with remis-
sion samples.

Previous studies showed that targeting SCLL cells with
FGFR1 inhibitors, most notably BGJ398, can suppress leuke-

mogenesis in mouse models in vivo and affects cell proliferation
in SCLL cell lines in vitro (17). Through a better understanding
of the molecular etiology of FGFR1-driven neoplasms of
lymphoid and myeloid origin, we demonstrated that targeting
these downstream effects also suppress leukemogenesis to a
greater or lesser degree. The identification of miR-150-5p as a
silenced tumor suppressor in SCLL provides an additional
treatment option to target this pathway. As a proof of concept,
there have been attempts to restore miR-150-5p expression not
only in solid tumors but also in hematological malignancies (23,
28). Notably, treatment of FLT3-overexpressing AML with
FLT3L-guided miR-150-5p– based nanoparticles shows high
selectivity and efficiency and significant inhibition of AML pro-
gression (23). Considering the complexity of preparing the
miRNA nanoparticles and limitations of delivery methods,
pharmaceutical targeting of this pathway may prove to be
the preferred approach. The demonstration that mebenda-
zole, which interferes with proteasome degradation of Myb

Figure 6. Suppression of Myb leads to increased survival in SCLL models in vivo. A and B, knockdown of Myb in BBC2 cells using two different shRNAs (#1
and #2) leads to reduced mRNA and protein levels (A) and a proportional reduction in cell viability over a 3-day observation period (B). C, Western blot analysis
of the mouse BBC2 and human KG1 cell lines treated with mebendazole (Meb) shows increased levels of p21 and decreased levels of survivin proportional to
the reduction in Myb levels. D, In vivo, BBC2 xenografts (n � 8) show increased survival in mebendazole-treated animals. Although there was no change in
overall body weight, there was significantly reduced spleen weight and white cell count in the peripheral blood in treated animals. F, the decreased spleen size
is clearly shown in mebendazole-treated animals, and flow cytometry analysis of the relative number of GFP� leukemia cells (coexpressed from the pMIG
vector with BCR-FGFR1) shows decreased levels in spleens from treated animals compared with vehicle-treated animals. Scale bar � 1 cm. ns, not significant.
*, p � 0.01; **, p � 0.001; ****, p � 0.00001.
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(21), also suppresses SCLL development in vivo and reduces
cell viability in vitro suggests that mebendazole may be an
important way of treating SCLL, especially in combination
with FGFR1 inhibitors.

Experimental procedures

Cell culture and drug treatment

Cells were cultured in RPMI 1640 medium containing 10%
FBS. Cell viability was measured using the CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega, Madison, WI). To eval-
uate the effect of methylation on miR-150-5p expression, BBC2
and KG1 cells were treated with 0.3 and 1 �M 2�-deoxy-5-aza-
cytidine for 72 h. For FGFR and Myb inhibition assays, cells
were treated with the indicated concentrations of BGJ398 and
mebendazole (Selleckchem, Houston, TX) for 24 h, and then
cells were harvested for further cellular and molecular analysis.

Cell cycle and apoptosis analysis

106 cells were labeled with Hoechst 33342 (Thermo Fisher
Scientific, Waltham, MA) for 1 h at 37 °C, and cell cycle profiles
were determined using the BD LSR II flow cytometer (BD Bio-
sciences). To measure apoptosis, 106 cells were stained with
APC Annexin V and the DNA-binding dye 7-amino-actinomy-
cin (Biolegend, San Diego, CA) according to the manufacturer’s
protocol and analyzed by BD FACSCanto II flow cytometry (BD
Biosciences).

Transduction of target cells

For overexpression of miR-150-5p, the �500-bp fragment
including miR-150-5p and flanking sequences was cloned into
the pMSCV-PIG vector, and a retrovirus was prepared using
the amphotropic packing system as described previously (9).
For shRNA knockdown, BBC2 cells were transduced with
lentiviral particles prepared from clones TRCN225698 and
TRCN225699 for shDnmt1, TRCN42513 and TRCN42517 for
shMyc, and TRCN42499 and TRCN426969 for shMyb (Sigma)
and then selected with 1 �g/ml puromycin to generate stable
cell lines.

Molecular analyses

Western blotting, DNA preparation/cloning, RNA extrac-
tion, and reverse transcription of mRNA are standard proce-
dures that have been described previously in detail. For miRNA
expression quantification, total RNA was reverse-transcribed
with the miRNA cDNA Synthesis Kit (Applied Biological Mate-
rials Inc., Richmond, BC, Canada), and then standard real-time
PCR reactions were performed.

Bisulfite Sanger sequencing

For bisulfite Sanger sequencing, bisulfite conversion was per-
formed as described previously (12) using the EZ DNA Methy-
lation-Gold Kit (Zymo Research Corp., Irvine, CA) according
to the vendor’s protocol. Briefly, 0.5 �g of DNA isolated from
target cells was heat-denatured, treated with bisulfite (98 °C for
10 min and then 55 °C for 4 h) to convert unmethylated cytosine
to uracil, followed by nested PCR with appropriate PCR prim-
ers. The PCR products were cloned into the TA vector, and

single colonies were selected for Sanger sequencing (MCLAB,
San Francisco, CA).

RNA-Seq data analysis

The RNA-Seq data for BGJ398- and DMSO-treated SCLL
lines have been described previously (7) and deposited into the
GEO database (accession number GSE110457). The normal-
ized fragments per kilobase of transcripts per one million
mapped reads data were used to evaluate the expression level of
DNA methylation–related genes.

ChIP-qPCR

ChIP assays were performed using a ChIP assay kit (Milli-
pore) as described previously (13). In brief, chromatin was
cross-linked with 1% formaldehyde for 10 min at room temper-
ature, sheared to an average size of �500 bp, and then immu-
noprecipitated with an anti-Myc antibody (Abcam). The ChIP-
qPCR primers were designed to amplify a proximal promoter
region containing putative Myc binding sites (5�-ACCACAT-
GGT-3� for the mouse locus and 5�-ACCACGTGGC-3� for the
human locus) in the DNMT1 promoter. An intronic region was
selected as a negative control. Each immunoprecipitated DNA
sample was quantified using qPCR, and all ChIP-qPCR signals
were normalized to an IgG control to calculate the relative -fold
of enrichment.

In vivo engraftment

Animal protocols followed guidelines and procedures ap-
proved by the Institutional Animal Care and Use Committee of
Augusta University. Approximately 1 	 106 cells were injected
into the tail veins of 6- to 8-week-old, female, sublethally (600
rad) irradiated BALB/c mice, and after 1 week of expansion
growth, randomly grouped mice were treated with either inhib-
itor or vehicle control as described previously (4).
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